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1. INTRODUCTION {#jcb28468-sec-0010}
===============

Nonalcoholic fatty liver diseases (NAFLD) is a liver metabolic syndrome, affecting 24% of the worldwide population and making it the most common cause of chronic liver disease, both familiar in obese and normal‐weight people with markedly increasing incidence in recent years.[1](#jcb28468-bib-0001){ref-type="ref"} Due to the fat deposited in the liver, NAFLD ranges from nonalcoholic fatty liver to nonalcoholic steatohepatitis (NASH), which typically occurs before liver fibrosis, cirrhosis, and hepatocellular carcinoma.[2](#jcb28468-bib-0002){ref-type="ref"}, [3](#jcb28468-bib-0003){ref-type="ref"}, [4](#jcb28468-bib-0004){ref-type="ref"} Therefore, lipid accumulation is an important pathogenic factor for fatty liver diseases leading to hepatic steatosis,[5](#jcb28468-bib-0005){ref-type="ref"}, [6](#jcb28468-bib-0006){ref-type="ref"} and corn oil was successfully used to developed NAFLD models in rats.[7](#jcb28468-bib-0007){ref-type="ref"}, [8](#jcb28468-bib-0008){ref-type="ref"} In addition, steatosis combined with inflammation further develop the disease to NASH.[9](#jcb28468-bib-0009){ref-type="ref"} Hence, antiglycemic drugs helping loss of liver fat[10](#jcb28468-bib-0010){ref-type="ref"} and anti‐inflammation--ameliorating steatohepatitis[11](#jcb28468-bib-0011){ref-type="ref"} may be the promising therapeutic approach for NAFLD. However, due to the unknown exact molecular pathogenesis of NAFLD, the primary task of improving NAFLD prognosis is to study its pathogenesis and effective therapeutic targets for treatment.

Triggering receptor expressed on myeloid cells‐1 (TREM‐1), member of TREM family, is a kind of immunoglobulin superfamily activation receptors,[12](#jcb28468-bib-0012){ref-type="ref"} related to innate inflammatory response.[13](#jcb28468-bib-0013){ref-type="ref"} The secretion of inflammatory factors triggered and amplified the inflammatory response in monocytes through TREM‐1.[14](#jcb28468-bib-0014){ref-type="ref"} Activation of TREM‐1 induced phosphorylation of downstream target tyrosine‐protein kinase Lyn, nonreceptor tyrosine kinase Jak2, P13K/Akt, ERK1/2, phospholipase C (PLC), and the non‐T cell activation linker (NTAL).[15](#jcb28468-bib-0015){ref-type="ref"}, [16](#jcb28468-bib-0016){ref-type="ref"} Phosphorylation of Jak2 activated downstream of the signal transducer and activator of transcription 3/5 phosphorylation, which enhanced NF‐κB activity and an increase of NF‐κB subunits P50/P65, finally augmented expression of inflammatory factors.[17](#jcb28468-bib-0017){ref-type="ref"}, [18](#jcb28468-bib-0018){ref-type="ref"} Subramanian et al[19](#jcb28468-bib-0019){ref-type="ref"} indicated that abnormal TREM‐1 expression was found in liver tissues of obese diabetic and nondiabetic patients. Zhou et al[20](#jcb28468-bib-0020){ref-type="ref"} found that inhibition of TREM‐1 can inhibit inflammation and the occurrence of colon tumors. Tang et al[21](#jcb28468-bib-0021){ref-type="ref"} found that knockdown of TREM‐1 can inhibit the activity of the nuclear factor‐κB (NF‐κB) pathway, thereby inhibiting interleukin‐1β (IL‐1β)‐induced cartilage cell damage. The expression of TREM‐1 in bone marrow cell membrane was induced by dyslipidemia in hyperlipidemic model mice, which resulted in increased monocytes, cytokines, and foam cells, and promoted lipid accumulation by regulating genes related to cholesterol metabolism.[22](#jcb28468-bib-0022){ref-type="ref"} So far, the studies of TREM‐1 mainly focused on the direction of inflammation, while the mechanism of action in NAFLD is not clear.

This study aimed to study the effect of TREM‐1 on inflammatory response and lipid accumulation induced by NAFLD. In our present study, we first investigated the effect of TREM‐1 on NAFLD; second, found the downstream regulator NF‐κB/PI3K/AKT. Last, we investigated the functional roles of TREM‐1/NF‐κB/PI3K/AKT in the progression of NAFLD and further explored their potential mechanisms. This study provides a basis and new target for individualized treatment of NAFLD by exploring the regulatory mechanisms of TREM‐1/NF‐κB and TREM‐1/PI3K/AKT in the occurrence and development of NAFLD.

2. MATERIALS AND METHODS {#jcb28468-sec-0020}
========================

2.1. Cell lines and transfection {#jcb28468-sec-0030}
--------------------------------

Primary mouse hepatocytes (PMH) was isolated from the livers of male C57/BL6 mice as before.[23](#jcb28468-bib-0023){ref-type="ref"} Cells were then seeded into six‐well plates precoated with 400 µL 1 mg/mL collagen solution with 6 × 10^5^ cells/well. Hepatocytes were cultured in William\'s medium E (Pan Biotech GmbH, Aidenbach, Germany) containing 100 U/mL penicillin, 100 µg/mL streptomycin, 0.00001% insulin‐transferrin‐selenium, and 100 nM dexamethasone. Human hepatocellular carcinoma cell line HepG2 was maintained in cultured in a Dulbecco\'s modified Eagle\'s medium‐based medium (Gibco BRL, Grand Island) with 10% fetal bovine serum, 100 mg/mL streptomycin and 100 U/mL penicillin. The 37°C constant temperature incubator was used to incubating cells with 5% CO~2~.

The full‐length complementary DNA (cDNA) of human TREM‐1 was amplified by polymerase chain reaction (PCR) with specific primers: 5′‐CGAATGGTCAACCTTCAAG‐3′ (forward) and 5′‐CTGGTATAGAGTGGGCACAA‐3′ (reverse). Expression plasmids pcDNA3/V5‐TREM‐1 (Invitrogen, Carlsbad, CA) were then constructed and sequenced with V5 epitope tag was fused to the C‐terminus of TREM‐1. The vector was then transfected into cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions.

The small interfering RNAs (siRNAs) targeting TREM‐1 were designed and chemically synthesized as follows: 5′‐CCGGAAGTGTATGTGATCAGAGTAATCAAGAGATTACTCTGATCACATACACTTTTTTTG‐3′ (siTREM‐1 1\#); 5′‐AATTCAAAAAAAGTGTATGTGATCAGAGTAATCTCTTGAATTACTCTGATCACATACACTT‐3′ (siTREM‐1 2\#). The negative control was as follows: 5′‐GGUUUGGCUGGGGUGUUAUdTdT‐3′. Transfection was also performed using Lipofectamine 2000 according to the manufacturer\'s protocol.

2.2. Cell steatosis model {#jcb28468-sec-0040}
-------------------------

When PMH and HepG2 cells were grown to approximately 80% confluence, the cells were cultured in FBS‐free medium for 24 hours in 96‐well culture plate. The cells were then treated with 200 μL of 5 mM of oleic acid (OA) solution for 24 hours. After the medium was removed, 100 μL of fixative solution was added and incubated at room temperature for 10 minutes. Control cells were treated with OA‐free medium containing albumin.

2.3. Lentivirus infection {#jcb28468-sec-0050}
-------------------------

Three TREM‐1 short hairpin RNA (shRNA) containing lentiviral vectors (Lv‐shTREM‐1, Lv‐shTREM‐2, Lv‐shTREM‐3; National RNAi Core Facility, Academia Sinica, Taiwan) were obtained and target sequences 1: GTCAACCTTCAAGTGGAAGAT, 2: CCAGAAAGCTTGGCAGATAAT, and 3: CCTGACTCTGAAATCAACCTT. In addition, a scrambled sequence (5′‐CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG‐3′) was also used as the control for the knockdown study. Lentivirus was harvested 48 hours after cotransfection of pLL3.7‐shRNA with psPAX2 and pMD2.G into HEK‐293T cells using the Lipofectamine 2000 reagent.

2.4. Animal experimental model {#jcb28468-sec-0060}
------------------------------

Healthy male C57/BL6 mice, weighing between 18 and 22 g and 8 to 12‐week‐old, were used for experimentation, and each mouse was housed separately with standard pellet diet and water for acclimatization. After 1 week, mice were randomly divided into two individual groups, one group of mice were fed with normal control diet (NCD; n = 6; 10 kcal% fat, 20 kcal% protein, and 70 kcal% carbohydrate; Medicience Diets Co Ltd, Yangzhou, China) and the other with high‐fat diet (HFD; n = 36; 60 kcal% fat, 20 kcal% protein, and 20 kcal% carbohydrate) for 20 weeks. At 15th week of feeding, HFD‐fed mice were further divided into five groups: intraperitoneal injection with 50 mg/kg pyrrolidine dithiocarbamate (PDTC) HFD group (n = 6), intraperitoneal injection with 60 mg/kg MK‐2206‐2HCl HFD mice (MK‐2206; n = 6), HFD mice treated with lentiviral vector 2 for knockdown TREM‐1 (Lv‐shTREM‐2; n = 6), HFD mice treated with lentiviral vector 3 for knockdown TREM‐1 (Lv‐shTREM‐3; n = 6), and HFD mice treated with lentiviral vector control (Lv‐shRNA; n = 6). Treatments with different vectors were carried out by tail‐vein injection. At 20th week, the mice were killed by an overdose of sodium pentobarbital, and the liver tissues were collected. Livers were dissected and fixed in 4% paraformaldehyde solution, and then processed by paraffin tissue processing machine. After dehydration, 5‐μm sections were stained with hematoxylin and eosin (H&E) and following routine techniques. To visualize lipids, frozen sections were stained using Oil Red O. The stained sections were then viewed under a bright field microscope (Nikon, Tokyo, Japan).

2.5. RNA preparation and quantitative reverse‐transcription PCR {#jcb28468-sec-0070}
---------------------------------------------------------------

Sample RNAs were extracted by the means of TRIzol reagent (Invitrogen). The cDNAs were synthesized using the Reverse Transcription System Bestar qPCR RT Kit according to the manufacturer\'s instruction with ABI 7500 Real‐Time PCR System (Applied Biosystems, Foster City, CA). Glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) was used as the internal reference. The primer sequences are as shown: TREM‐1, 5′‐CGGAATTCGAGCTTGAAGGATGAGGAAGGC‐3′ (forward) and 5′‐AATCCAGAGTCTGTCACTTGAAGGTCAGTC‐3′ (reverse); IL‐6, 5′‐TCCAGTTGCCTTCTTGGGAC‐3′ (forward) and 5′‐GTACTCCAGAAGACCAGAGG‐3′ (reverse); IL‐1β, 5′‐CCAGCTTCAAATCTCACAGCAG ‐3′ (forward) and 5′‐CTTCTTTGGGTATTGCTTGGGATC‐3′ (reverse); tumor necrosis factor‐α (TNF‐α), 5′‐CACAGAAAGCATGATCCGCGA‐3′ (forward) and 5′‐CGGCAGAGAGGAGGTTGACTTTCT‐3′ (reverse); interferon‐γ (IFN‐γ), 5′‐GCGCAAAGCCATAAATGAAC‐3′ (forward) and 5′‐CTCAGAAAGCGGAAGAGAAG‐3′ (reverse); monocyte chemoattractant protein‐1 (MCP‐1), 5′‐ACTGAAGCTCGTACTCTC‐3′ (forward) and 5′‐CTTGGGTTGTGGAGTGAG‐3′ (reverse); macrophage inflammatory protein‐1α (MIP‐1α), 5′‐GCTGACTACTTTGAGACGAGC‐3′ (forward) and 5′‐CCAGTCCATAGAAGAGGTAGC‐3′ (reverse); macrophage scavenger receptor 1 (MSR1), 5′‐TGAACGAGAGGATGCTGACTG‐3′ (forward) and 5′‐TGTCATTGAACGTGCGTCAAA‐3′ (reverse); low‐density lipoprotein receptor (LDLR), 5′‐ACCCCAAGACGTGCTCCCAGGATG‐3′ (forward) and 5′‐CGCAGTGCTCCTCATCTGACTTGTC‐3′ (reverse); ATP‐binding cassette transporter‐1 (ABCA1), 5′‐GGACATGCACAAGGTCCTGA‐3′ (forward) and 5′‐CAGAAAATCCTGGAGCTTCAAA‐3′ (reverse); ATP‐binding cassette sub‐family G member 1 (ABCG1), 5′‐CCCTCAAAGCCGTATCTGAC‐3′ (forward) and 5′‐TTGACACCATCCCAGCCTAC‐3′ (reverse); Niemann‐Pick disease, type C1 (NPC1), 5′‐TCTGAATGCGGTCTCCTTG‐3′ (forward) and 5′‐TATGGCTGCAGAACTCCACA‐3′ (reverse); NPC intracellular cholesterol transporter 2 (NPC2), 5′‐TATCCACGATGCGTTTTCTG‐3′ (forward) and 5′‐TCAGGCT‐CAGGAATAGGGAA‐3′ (reverse); StAR‐related lipid transfer protein 4 (STARD4), 5′‐AGAAGTGTCGGGAAGGCAATG‐3′ (forward) and 5′‐AACTGGCTTTATGCAATCCCA‐3′ (reverse); GAPDH, 5′‐TGTTCGTCATGGGTGTGAAC‐3′ (forward) and 5′‐ATGGCATGGACTGTGGTCAT‐3′ (reverse).

2.6. Immunohistochemistry {#jcb28468-sec-0080}
-------------------------

Paraffin‐embedded 5‐µm‐thick sections of liver tissues were deparaffinized and heated in 0.01 mol/L citrate buffer. Sections were then blocked for endogenous peroxidase by incubating in 3% H~2~O~2~ and then washed in phosphate‐buffered saline (PBS) containing 0.05 M ethylenediaminetetraacetic acid (EDTA) followed by 4% paraformaldehyde. Tissues were incubated in 4% dry milk and 0.3% goat serum in PBS solution for 20 minutes to block nonspeciﬁc binding. Then, 4‐μm sections were incubated overnight at room temperature with the anti‐TREM‐1 antibody (AF1278; 1:80; R&D Systems, Minneapolis, MN). After washing, sections were then incubated for another 2 hours with horseradish peroxidase goat anti‐rabbit immunoglobulin G secondary antibody. Slides were counterstained with hematoxylin to stain cell nuclei to identify cells, be dehydrated and examined under a light microscope.

2.7. Western blot analysis {#jcb28468-sec-0090}
--------------------------

We collected the cells and flash‐froze them by liquid nitrogen; ultrasonic cell‐break method was adopted with twice for 5 seconds in 50 mM lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 10 mM β‐glycerophosphate, 1% Triton X‐100, 5 mM EDTA, 0.2 mM Na~3~VO~4~, 2 µg/mL leupeptin, 2 µg/mL pepstatin A) on ice. Homogenates were centrifuged at 12 000*g* at 4°C for 30 minutes, supernatants were collected. Protein lysates (30 μg) were loaded onto the sodium dodecyl sulfate‐polyacrylamide gels for electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes. PVDF membranes were incubated overnight with the primary antibody as follows: monoclonal antibodies (1:1000; Santa Cruz, CA) against TREM‐1, AKT, p‐AKT, p65, and p‐p65 solute in PBS‐Tween 20, followed by 5% bovine serum albumin blocking. Washed with Tris‐buffered saline with Tween 20 (10 minutes × 3 times), the membranes were then probed with the appropriate secondary antibody (1:5000; Abcam, Cambridge, English). Immunoreactivity was determined and observed using enhanced chemiluminescence (Millipore, Billerica, MA). Actin was used as a control.

2.8. Statistical analysis {#jcb28468-sec-0100}
-------------------------

All data are presented as mean ± SEM. All experiments were performed at least in three independent times. By the means of one‐way analysis of variance followed by Duncan\'s multiple‐comparison test using SPSS 19.0 (SPSS Inc, Chicago, IL) we calculated the statistical significance. *P* \< 0.05, *P* \< 0.01 or *P* \< 0.001 were regarded as statistically significant.

2.9. Ethical Statement {#jcb28468-sec-0110}
----------------------

All animal experiment were approved by the Institutional Research Ethics Committee of Union Hospital of HUST.

3. RESULTS {#jcb28468-sec-0120}
==========

3.1. TREM‐1 was part of physiological response to lipotoxicity in NAFLD {#jcb28468-sec-0130}
-----------------------------------------------------------------------

To investigate the potential correlation between TREM‐1 expression and metabolic homeostasis in the fatty liver, we examined hepatic TREM‐1 expression in HFD‐fed mice by real‐time PCR and immunohistochemistry. As depicted in Figure [1](#jcb28468-fig-0001){ref-type="fig"}A, the expression of TREM‐1 messenger RNA (mRNA) was significantly higher in steatotic livers from HFD‐fed mice than normal control diet (NCD)‐fed mice (*P* \< 0.001). Consistent with our observation, analysis of immunohistochemistry showed increased protein expression of TREM‐1 in HFD compared with NCD (*P* \< 0.001) (Figure [1](#jcb28468-fig-0001){ref-type="fig"}B). We then incubated hepatocyte HepG2 and PMH cells to a pathophysiologically relevant concentration of free fatty acids (FFAs; 5 mmol/L OA) for 24 hours to simulate the excessive uptake of fatty acids (FAs). Consistent with the upregulation of TREM‐1 in steatotic livers in vivo, TREM‐1 was also rapidly increased after OA stimulation in both HepG2 and PMH cells by the means of Western blot analysis (*P* \< 0.001) (Figure [1](#jcb28468-fig-0001){ref-type="fig"}C). Western blot analysis of TREM‐1 expression in in vivo HFD‐fed mice and in vitro HepG2/PMH showed as a doublet as shown in Figure [1](#jcb28468-fig-0001){ref-type="fig"}A and [1](#jcb28468-fig-0001){ref-type="fig"}C, thus indicating that TREM‐1 was part of physiological response to lipotoxicity in NAFLD.

![TREM‐1 was part of physiological response to lipotoxicity in NAFLD. A, qRT‐PCR analysis of TREM‐1 in the livers of HFD‐fed vs NCD‐fed mice. B, Immunohistochemistry analysis of TREM‐1 in the livers of HFD‐fed vs NCD‐fed mice. C, Western blot analysis of TREM‐1 in the OA‐induced HepG2/PMH vs control cells. \*\*\**P* \< 0.001. GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; HFD, high‐fat diet; NAFLD, nonalcoholic fatty liver disease; NCD, normal control diet; OA, oleic acid; PMH, primary mouse hepatocytes; qRT‐PCR, quantitative reverse‐transcription polymerase chain reaction; TREM‐1, triggering receptor expressed on myeloid cells‐1](JCB-120-11867-g001){#jcb28468-fig-0001}

3.2. TREM‐1 regulated inflammatory cytokines and lipid accumulation {#jcb28468-sec-0140}
-------------------------------------------------------------------

To detect whether TREM‐1 could affect the inflammatory response and lipid accumulation in NAFLD or not, we successfully generated four stable cell lines for overexpression with pcDNA‐TREM‐1 or knockdown TREM‐1 with siTREM‐1 1\# and siTREM‐1 2\# in both HepG2 and PMH cell lines confirmed by the means of qRT‐PCR (Figure [2](#jcb28468-fig-0002){ref-type="fig"}A) and Western blot analysis (Figure [2](#jcb28468-fig-0002){ref-type="fig"}B). We then measured the messenger RNA (mRNA) levels of inflammatory factors IL‐1β, IL‐6, TNF‐α, IFN‐γ, MCP‐1, and MIP‐1α in the four stable cell lines using qRT‐PCR. After treatment with 5 mmol/L OA for the indicated times, overexpression of TREM‐1 promoted proinflammatory cytokines IL‐1β, IL‐6, TNF‐α, IFN‐γ, MCP‐1, and MIP‐1α secretion in both HepG2 and PMH cells (*P* \< 0.001) (Figure [2](#jcb28468-fig-0002){ref-type="fig"}C), while knockdown of TREM‐1 decreased them (Figure [2](#jcb28468-fig-0002){ref-type="fig"}C). These results were in line with the well‐established proinflammation function of TREM‐1, and knockdown TREM‐1 could also inhibit the inflammatory reaction in response to OA stimulation too.

![TREM‐1 regulated inflammatory cytokines and lipid accumulation. qRT‐PCR analysis of TREM‐1 mRNA in stable cell lines of HepG2 and PMH treated with OA that either overexpression or knockdown of TREM‐1. Western blot analysis of TREM‐1 protein in stable cell lines of HepG2 and PMH treated with OA that either overexpression or knockdown of TREM‐1. qRT‐PCR analysis of IL‐1β, IL‐6, TNF‐α, IFN‐γ, MCP‐1, and MIP‐1α mRNA in stable cell lines of HepG2 and PMH treated with OA that either overexpression or knockdown of TREM‐1. Oil Red O staining of HepG2 and PMH cells treated with OA that either overexpression or knockdown of TREM‐1. qRT‐PCR analysis of MSR1, LDLR, ABCA1, ABCG1, NPC1/2, and STARD4 mRNA in stable cell lines of HepG2 and PMH treated with OA that either overexpression or knockdown of TREM‐1. \*\**P* \< 0.01 and \*\*\**P* \< 0.001. ABCA1, ATP‐binding cassette transporter‐1; ABCG1, ATP‐binding cassette sub‐family G member 1; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; HFD, high‐fat diet; IFN, interferon; IL, interleukin; LDLR, low‐density lipoprotein receptor; MCP‐1, monocyte chemoattractant protein‐1; MIP‐1α, macrophage inflammatory protein‐1α; mRNA, messenger RNA; MSR1, macrophage scavenger receptor 1; NAFLD, nonalcoholic fatty liver disease; NC, negative control; NCD, normal control diet; NPC1, Niemann‐Pick disease, type C1; NPC2, NPC intracellular cholesterol transporter 2; OA, oleic acid; PMH, primary mouse hepatocytes; qRT‐PCR, quantitative reverse‐transcription polymerase chain reaction; siNC, small interfering negative control; STARD4, StAR‐related lipid transfer protein 4; TNF‐α, tumor necrosis factor‐α; TREM‐1, triggering receptor expressed on myeloid cells‐1](JCB-120-11867-g002){#jcb28468-fig-0002}

We then studied whether TREM‐1 could increase lipids accumulation in HepG2 and PMH cells or not. Overexpression of TREM‐1 in HepG2 and PMH cells showed more lipid droplet accumulation compared with the control cells, while less lipid droplet in siTREM‐1 treated cells through Oil Red O staining (Figure [2](#jcb28468-fig-0002){ref-type="fig"}D). Along with their morphological presentation, overexpression of TREM‐1 increased the expression of MSR1 and LDLR, which was involved in mediating the endocytosis of modified low‐density lipoproteins (LDL)[24](#jcb28468-bib-0024){ref-type="ref"} or cholesterol‐rich LDL[25](#jcb28468-bib-0025){ref-type="ref"} for the amplified uptake of fatty acid, as well as NPC1, which mediated intracellular cholesterol trafficking, STARD4, which linked to the movement of cholesterol to the endoplasmic reticulum (Figure [2](#jcb28468-fig-0002){ref-type="fig"}E), while decreased in knockdown of TREM‐1 by siTREM‐1 (Figure [2](#jcb28468-fig-0002){ref-type="fig"}E). ABCA1 and ABCG1, involved in cholesterol and phospholipids export and may regulate cellular lipid homeostasis,[26](#jcb28468-bib-0026){ref-type="ref"} and NPC2 were decreased in overexpression of TREM‐1, and increased in siTREM‐1 (Figure [2](#jcb28468-fig-0002){ref-type="fig"}E). These findings demonstrated that TREM‐1 could induce lipids deposition in hepatocytes and plays a role as positive regulator for lipogenesis and dysregulated cholesterol metabolism in hepatocytes.

3.3. TREM‐1 is a positive regulator of OA‐induced PI3K/AKT and NF‐κB activation {#jcb28468-sec-0150}
-------------------------------------------------------------------------------

We tried to analyze PI3K/AKT and NF‐κB signal pathways involved in NAFLD in HepG2 and PMH cells where TREM‐1 was stably overexpressed. Overexpression of TREM‐1 showed activation of PI3K/AKT signal pathway in response to OA with the significant upregulation of p‐AKT compared with the control (*P* \< 0.001) (Figure [3](#jcb28468-fig-0003){ref-type="fig"}A). On the other hand, treatment with AKT inhibitor (1 μmol/L; MK‐2206) relieved the promotion of PI3K/AKT by overexpression of TREM‐1 (Figure [3](#jcb28468-fig-0003){ref-type="fig"}A). In addition, activation of NF‐κB in response to overexpression of TREM‐1 was indicated by higher phospho‐p65 (p‐p65) levels (Figure [3](#jcb28468-fig-0003){ref-type="fig"}B). Treatment with NF‐κB inhibitor (10 μmol/L PDTC) also relieved the promotion of NF‐κB by overexpression of TREM‐1 (Figure [3](#jcb28468-fig-0003){ref-type="fig"}B). These findings support the canonical role played by TREM‐1 as an accelerator of PI3K/AKT and NF‐κB signal pathways, even in response to OA stimulation. Taken together, TREM‐1 induced OA‐induced inflammatory response and lipid accumulation via enhancing PI3K/AKT and NF‐κB activation.

![TREM‐1 is a positive regulator of OA‐induced PI3K/AKT and NF‐κB activation. The effect of AKT inhibitor MK‐2206 and TREM‐1 overexpression on expression of AKT and p‐AKT in both HepG2 and PMH cells was detected by Western blot analysis. The effect of NF‐κB inhibitor PDTC and TREM‐1 overexpression on expression of p65 and p‐p65 in both HepG2 and PMH cells was detected by Western blot analysis. \*\*\**P* \< 0.001 and ^\#\#\#^ *P* \< 0.001. GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; NF‐κB, nucleear factor‐κB; PDTC, pyrrolidine dithiocarbamate; PMH, primary mouse hepatocytes; TREM‐1, triggering receptor expressed on myeloid cells‐1](JCB-120-11867-g003){#jcb28468-fig-0003}

3.4. Knockdown of TREM‐1 alleviates inflammation in HFD‐fed mice via regulating NF‐κB {#jcb28468-sec-0160}
-------------------------------------------------------------------------------------

In vitro cell model has confirmed the proinflammatory function of TREM‐1 through NF‐κB signal pathway, we then decided to detect the in vivo effect of TREM‐1 on inflammation of NAFLD. The HFD‐fed mice were injected with supernatant in cell culture of shRNAs of TREM‐1 (shTREMs). By the means of qRT‐PCR (Figure [4](#jcb28468-fig-0004){ref-type="fig"}A) and Western blot analysis (Figure [4](#jcb28468-fig-0004){ref-type="fig"}B), the efficiency of shTREMs was detected, and suggested significant downregulation of TREM in Lv‐shTREM‐1, Lv‐shTREM‐2 and Lv‐shTREM‐3 compared with the Lv‐shRNA group (*P* \< 0.001). With the more efficiency, Lv‐shTREM‐2 and Lv‐shTREM‐3 were chosen for the next experiments. Then, the expression of p‐p65 was detected for the Lv‐shTREM‐2 and Lv‐shTREM‐3 treatment, which showed a dramatically decrease compared with the Lv‐shRNA (*P* \< 0.001) (Figure [4](#jcb28468-fig-0004){ref-type="fig"}C), consistent with intraperitoneal injection of NF‐κB inhibitor PDTC (Figure [4](#jcb28468-fig-0004){ref-type="fig"}C), suggesting that knockdown of TREM‐1 could reduce activation of NF‐κB as its inhibitor. Proinflammatory cytokines IL‐1β, IL‐6, TNF‐α, IFN‐γ, MCP‐1, and MIP‐1α secretion of liver tissues were also decreased in both Lv‐shTREM‐2/Lv‐shTREM‐3 and PDTC (Figure [4](#jcb28468-fig-0004){ref-type="fig"}D). Histological examination of liver tissues through H&E staining showed structural abnormalities and fatty degeneration in Lv‐shRNA group, while treatment with Lv‐shTREM‐2/Lv‐shTREM‐3 and PDTC showed marked improvement in tissue morphology and architecture compared with Lv‐shRNA (Figure [4](#jcb28468-fig-0004){ref-type="fig"}E), especially in Lv‐shTREM‐2. Taken together, knockdown of TREM‐1 could alleviate inflammation in NAFLD via regulating NF‐κB.

![Knockdown of TREM‐1 alleviates inflammation in HFD‐fed mice via regulating NF‐κB. qRT‐PCR analysis of TREM‐1 mRNA in HFD‐fed mice injected with supernatant in cell culture of shTREMs (Lv‐shTREMs) that knockdown of TREM‐1. Western blot analysis of TREM‐1 protein in HFD‐fed mice injected with supernatant in cell culture of shTREMs (Lv‐shTREMs) that knockdown of TREM‐1. The effect of NF‐κB inhibitor PDTC and Lv‐shTREMs on expression of p65 and p‐p65 in HFD‐fed mice was detected by Western blot analysis. qRT‐PCR analysis of IL‐1β, IL‐6, TNF‐α, IFN‐γ, MCP‐1 and MIP‐1α mRNA in HFD‐fed mice injected with Lv‐shTREMs that knockdown of TREM‐1. H&E staining analysis of the effect of NF‐κB inhibitor PDTC and Lv‐shTREMs on tissue morphology and architecture in HFD‐fed mice. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001. GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; HFD, high‐fat diet; H&E, hematoxylin and eosin; IFN‐γ, interferon‐γ; IL, interleukin; Lv, lentiviral vector; MCP‐1, monocyte chemoattractant protein‐1; MIP‐1α, macrophage inflammatory protein‐1α; mRNA, messenger RNA; PDTC, pyrrolidine dithiocarbamate; PMH, primary mouse hepatocytes; qRT‐PCR, quantitative reverse‐transcription polymerase chain reaction; shTREM, short hairpin RNAs of TREM‐1; TNF‐α, tumor necrosis factor‐α; TREM‐1, triggering receptor expressed on myeloid cells‐1](JCB-120-11867-g004){#jcb28468-fig-0004}

3.5. Knockdown of TREM‐1 alleviates lipid accumulation in HFD‐fed mice via regulating PI3K/AKT {#jcb28468-sec-0170}
----------------------------------------------------------------------------------------------

In vitro cell model also has confirmed the positive regulator function of TREM‐1 in lipogenesis through PI3K/AKT signal pathway, we then decided to detect the in vivo effect of TREM‐1 on lipid accumulation of NAFLD. The expression of p‐AKT was detected for the Lv‐shTREM‐2 and Lv‐shTREM‐3, which showed a dramatically decrease compared with Lv‐shRNA (*P* \< 0.001) (Figure [5](#jcb28468-fig-0005){ref-type="fig"}A), consistent with intraperitoneal injection of AKT inhibitor MK‐2206 (Figure [5](#jcb28468-fig-0005){ref-type="fig"}A), suggesting that knockdown of TREM‐1 could reduce activation of PI3K/AKT just as its inhibitor. Genes involved in uptake of fatty acid MSR1 and LDLR, with cholesterol transporter NPC1 and STARD4, were downregulated in both Lv‐shTREM‐2/Lv‐shTREM‐3 and MK‐2206 (Figure [5](#jcb28468-fig-0005){ref-type="fig"}B), cholesterol and phospholipids exporters ABCA1 and ABCG1 with NPC2 were upregulated in both Lv‐shTREM‐2/Lv‐shTREM‐3 and MK‐2206 (Figure [5](#jcb28468-fig-0005){ref-type="fig"}B). Oil Red O staining showed less lipid accumulation in Lv‐shTREM‐2/Lv‐shTREM‐3 and MK‐2206 (Figure [5](#jcb28468-fig-0005){ref-type="fig"}C). Therefore, all these results suggested that knockdown of TREM‐1 could alleviate lipid accumulation in NAFLD by regulating PI3K/AKT.

![Knockdown of TREM‐1 alleviates lipid accumulation in HFD‐fed mice via regulating PI3K/AKT. The effect of AKT inhibitor MK‐2206 and Lv‐shTREMs on expression of AKT and p‐AKT in HFD‐fed mice was detected by Western blot analysis. qRT‐PCR analysis of MSR1, LDLR, ABCA1, ABCG1, NPC1/2 and STARD4 mRNA in HFD‐fed mice injected with Lv‐shTREMs that knockdown of TREM‐1.Oil Red O staining of liver tissues of HFD‐fed mice treated with MK‐2206 and Lv‐shTREMs. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001. ABCA1, ATP‐binding cassette transporter‐1; ABCG1, ATP‐binding cassette sub‐family G member 1; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; HFD, high‐fat diet; LDLR, low‐density lipoprotein receptor; Lv, lentiviral vector; mRNA, messenger RNA; MSR1, macrophage scavenger receptor 1; NPC1, Niemann‐Pick disease, type C1; NPC2, NPC intracellular cholesterol transporter 2; qRT‐PCR, quantitative reverse‐transcription polymerase chain reaction; shTREM, short hairpin RNAs of TREM‐1; STARD4, StAR‐related lipid transfer protein 4; TREM‐1, triggering receptor expressed on myeloid cells‐1](JCB-120-11867-g005){#jcb28468-fig-0005}

4. DISCUSSION {#jcb28468-sec-0180}
=============

With changes in people\'s diet and lifestyle, NAFLD is gradually becoming a worldwide health problem, with up to 80% of obese people have this disease and up to 20% normal‐weight people might develop it.[27](#jcb28468-bib-0027){ref-type="ref"} Unfortunately, there are no fully proven medications for NAFLD for now and liver transplantation is the only treatment option for endstage NAFLD.[28](#jcb28468-bib-0028){ref-type="ref"} Thus, there is an urgent need to find effective drugs for NAFLD. In the present study, we demonstrated that inhibition of TREM‐1 attenuated HFD diet‐induced NAFLD by suppressing key regulators of inflammation and lipid accumulation.

In obese individuals, adipocytes turned into hypertrophy and secreted large amount of FFAs.[29](#jcb28468-bib-0029){ref-type="ref"} On the other hand, the excessive production of FFAs may cause hepatotoxicity and induce NAFLD via several mechanisms beyond direct cytotoxicity.[30](#jcb28468-bib-0030){ref-type="ref"}, [31](#jcb28468-bib-0031){ref-type="ref"} In patients with NAFLD, the upregulation of circulating FFAs was confirmed, higher level correlated with disease severity.[32](#jcb28468-bib-0032){ref-type="ref"}, [33](#jcb28468-bib-0033){ref-type="ref"} In the present study, we successfully constructed NAFLD the in vivo mice model fed with HFD and in vitro cell model incubated with 5 mmol/L OA, according to obvious lipid accumulation showed by the liver morphology and Oil Red O staining. Analysis of Gene Expression Omnibus (GEO) database found that the expression of TREM‐1 in the liver tissues of NAFLD patients was high, which may be related to the development of NAFLD. Consistent with GEO analysis, significantly higher expression of TREM‐1 in liver biopsies of HFD diet‐induced NAFLD mice and OA‐treated HepG2/PMH cells were found. The elevation of TREM‐1 in liver with steatosis or steatohepatitis could at least partly due to the excessive liver influx of FAs. Previous studies reported that TREM‐1 could be a common stress response of hepatocytes to various insults, such as inflammation and lipid accumulation.[13](#jcb28468-bib-0013){ref-type="ref"}, [19](#jcb28468-bib-0019){ref-type="ref"}, [22](#jcb28468-bib-0022){ref-type="ref"} Therefore, we speculated that TREM‐1 may attribute to inflammation and lipid accumulation during NAFLD development.

"Initial hit" of NAFLD pathogenesis was related to lipid accumulation in livers, which sensitized hepatocytes to the following pathogenic factors, including inflammatory cytokines that promoted hepatocellular damage,[34](#jcb28468-bib-0034){ref-type="ref"} which resulted from the impairment of cholesterol metabolism and enhancement of FA synthesis.[35](#jcb28468-bib-0035){ref-type="ref"}, [36](#jcb28468-bib-0036){ref-type="ref"} We applied well‐accepted NAFLD mice and cell models, and showed that TREM‐1 increased liver lipid droplets and augmented relative gene expression involved in lipid metabolism, and the gene expression were reversed by knocking down of TREM‐1. MSR1 and LDLR for the amplified uptake of FA were upregulated due to TREM‐1 overexpression and downregulated by knocking down of TREM‐1 in our study, consistent with previous study that *Ldlr* ^−/−^ mice with lacking Msr1 significantly reduced hepatic inflammation and lipid oxidation.[37](#jcb28468-bib-0037){ref-type="ref"} Additionally, our data showed that genes involved in cholesterol metabolism were also modulated by TREM‐1. Cholesterol exporter ABCA1 and ABCG1 were downregulated with TREM‐1 overexpression and upregulated with TREM‐1 knockdown, also fit with the previous study.[26](#jcb28468-bib-0026){ref-type="ref"} As the previous study, administration of antibody specific for NPC1‐like 1 could ameliorate NAFLD[38](#jcb28468-bib-0038){ref-type="ref"} and increased StAR expression in steatosis and NASH patients enhanced mitochondrial free cholesterol accumulation and toxicity,[39](#jcb28468-bib-0039){ref-type="ref"} overexpression of TREM‐1 increased NPC1 and STARD4 thus aggravating lipid accumulation in NAFLD. NPC2 deficiency leads to fatty liver, obesity, and metabolic syndrome,[40](#jcb28468-bib-0040){ref-type="ref"} in accordance with our result that overexpression of TREM‐1 decreased NPC2 in NAFLD. Overall, TREM‐1 has the ability of upregulating lipogenesis related genes and dysregulating genes in cholesterol metabolism. In addition, in vivo oil Red O staining showed less lipid accumulation with knockdown of TREM‐1 by Lv‐shTREM treatment, suggesting that knocking down of TREM‐1 likely ameliorates hepatic steatosis of NAFLD through regulating key regulators of lipid and cholesterol metabolism.

HFD and FFA‐promoted hepatic lipid accumulation can facilitate the development of hepatic inflammation and provide a suitable advanced NAFLD mice model for researchers to study the mechanisms driving NAFLD‐related inflammation.[41](#jcb28468-bib-0041){ref-type="ref"}, [42](#jcb28468-bib-0042){ref-type="ref"}, [43](#jcb28468-bib-0043){ref-type="ref"}, [44](#jcb28468-bib-0044){ref-type="ref"}, [45](#jcb28468-bib-0045){ref-type="ref"} As the central participator in the development of NAFLD, proinflammatory cytokines and chemokines recruited inflammatory cells and kill hepatocytes.[46](#jcb28468-bib-0046){ref-type="ref"} In our study, TREM‐1 could induce production of proinflammatory cytokines IL‐1β, IL‐6, TNF‐α, IFN‐γ, MCP‐1, and MIP‐1α gene expression and secretion from hepatocytes. Otherwise, these "dangerous" signals were downregulated with the knockdown of TREM‐1. This should be taken that TREM‐1 was an important mediator of the lipotoxicity strengthening for production of hepatocyte‐derived proinflammatory cytokines, thus facilitating progression of the possible ensuing inflammation, which promoted the development of NAFLD. These results also supported the proposition that the therapeutic effects of knockdown of TREM‐1 on NAFLD were also associated with downregulating proinflammatory cytokines in HFD mice model, consistent with the in vivo histological examination of liver tissues showed marked improvement in tissue morphology and architecture by Lv‐shTREM treatment.

NF‐κB‐mediated proinflammatory effects[47](#jcb28468-bib-0047){ref-type="ref"} and PI3K/AKT‐mediated lipid accumulation[48](#jcb28468-bib-0048){ref-type="ref"} had been considered as the major concern in the development of steatosis progression to steatohepatitis, thus leading to the occurrence of NAFLD. In the present study, as a downstream positive regulator, TREM‐1 induced the activation of the NF‐κB pathway and promoted recruitment of inflammation, thus mediating hepatic lesion function. Together with the evidence that knocking down of TREM‐1 alleviated the inflammation via decreased p‐p65, thus weakening the NF‐κB activation, consistent with the effect of NF‐κB inhibitor PDTC, our results supported previous findings and newly demonstrated that the regulatory effects of TREM‐1 on FFAs‐induced expression of proinflammatory cytokines from hepatocyte were probably through modulation of NF‐κB activation. Through the inhibition of NF‐kB and proinflammatory factors, knocking down of TREM‐1 alleviated hepatic inflammation in HFD‐induced steatohepatitis of NAFLD. On the other hand, in our study, we found p‐AKT expression was elevated under TREM‐1 overexpression. In line with it, we demonstrated that knockdown of TREM‐1 significantly downregulated the expression level of p‐AKT, the same effect as AKT inhibitor MK‐2206. Thus, knocking down of TREM‐1 mediated amelioration of lipid accumulation in hepatocytes probably through downregulation of genes involved in FA metabolism and modulation of PI3K/AKT activation.

To the best of our knowledge, this is the first study determining TREM‐1 regulates lipid accumulation and inflammation in NAFLD via specifically targeting the NF‐κB and PI3K/AKT signal pathway. In summary, in this study, we report that TREM‐1 could be a physiological factor to FFA stimulation in the pathogenesis of NAFLD, and also acted as an important prolipotoxic and proinflammatory mediator through promotion of lipid accumulation and proinflammatory cytokines release. Understanding the regulatory mechanism of TREM‐1 in NAFLD could lead to the identification of useful clinical biomarker or indicator. In addition, a potential link between TREM‐1 and NAFLD suggested that TREM‐1 might be a potential therapeutic target for developing a novel approach to treat NAFLD with more in vivo studies to confirm the therapeutic potential of TREM‐1 in future.
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